ABSTRACT Synthesis of the three vitellogenin polypeptides (molecular weights of 44,000,45,000, and 46,000) of Drosophila melanogaster has been analyzed in vivo and in a cell-free system. After labeling periods in vivo, the three vitellogenin polypeptides were made as the principal synthetic products of the female fat body. During a short (0.5 min) labeling period, they were identified as discrete species on two-dimensional gels. Two of the polypeptides have molecular weights of 45,000 and a third has a molecular weight of 44,000. After longer labeling periods (5-45 min) the three mature vitellogenins appeared. Both immunoprecipitation and peptide mapping confirmed that the species labeled at 0.5 min are immature forms of the vitellogenin polypeptides. In vitro translation of poly(A)RNA from female fat body indicated another processing step in vitellogenin synthesis. Three polypeptides were obtained that were identified as precursors of the vitellogenins on the basis of immunoprecipitation and peptide mapping. Two of the translation products have a molecular weight of 46,000 and the third has a molecular weight of 45,000. Because the vitellogenins are secreted proteins, we interpret the higher molecular weight of the in vitro translation products as being due to signal peptides.
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The production of the egg yolk protein precursors, or the vitellogenins, provides a system with which the control of gene expression, including the posttranslational modification of gene products, can be studied. Work in a number of systems has shown that the vitellogenins are synthesized in the liver of vertebrates (1, 2) and in the fat body of insects (3) . After secretion, the vitellogenins are transported to the ovary via the blood and converted into the yolk proteins by the oocyte.
A primary requirement for the study of gene expression is a knowledge of the protein products involved and how they are modified after synthesis. In Xenopus (4) and Gallus (5) , the products of the translation of vitellogenin mRNA appear to be the same size as serum vitellogenin. In both organisms, after synthesis certain posttranslational modifications such as glycosylation, lipidation, and phosphorylation occur in the liver prior to secretion (1, 2) . After micropinocytosis by the oocytes, the vitellogenins are converted into the yolk proteins by specific proteolytic cleavage (6, 7) . The situation is less clear in the insect systems. The fat body in Locusta migratoria (8) appears to synthesize initially two large polypeptides that are cleaved within the fat body into eight smaller polypeptides seen in the hemolymph and yolk. The process seems to be much the same in the cockroach Leucophaea maderae (9, 10) .
In Drosophila melanogaster we have previously shown that there are three distinct polypeptides in yolk spheres (11) . Attempts to determine the primary translation products in the fat body have been ambiguous in that apparently polypeptides of only two molecular weights have been observed after in vitro translation of RNA extracted from female fat body (12, 13) . We report here evidence that, during the synthesis of the three vitellogenin polypeptides by the fat body of female D. melanogaster, at least two processing events occur. Detailed knowledge of these events will allow the application of genetic analysis to the study of protein processing in the higher eukaryotes.
MATERIAL AND METHODS
In Vivo Labeling and Dissection of Fat Bodies. D. melanogaster (Oregon R, P2 strain) were collected from a stock grown in mass culture as described (14) . Flies were aged 4 or 5 days after eclosion and then injected with either [MSlmethionine (Amersham, 600-1300 Ci/mmol, 1 Ci = 3.7 X 1010 becquerels) or a 14C-labeled amino acid mixture (New England Nuclear, 100 ,Ci/ml, 0.11-0.53 Ci/mmol) as described (15) .
After the specified period of incorporation, flies were dissected in cold Drosophila Ringer's solution (16) buffered to pH 6.8 with Tricine. Abdomens were detached from the flies and the reproductive organs, gut, malpighian tubules, and genitalia were removed. The remaining abdominal tissue, consisting of the body wall and fat body, was taken as fat body and transferred to the appropriate buffer after being blotted on a paper towel to remove adhering buffer.
Sample Preparation and Electrophoresis. Samples for sodium dodecyl sulfate (NaDodSO4, BDH Chemicals Ltd., Poole, England)/polyacrylamide gel electrophoresis were transferred to 25 ,ulof sample buffer (17) and boiled for 5 min; the insoluble material was removed by centrifugation at 10,000 X g for 10 min. The supernatants were electrophoresed on 10% resolving gels (17) . Samples for nonequilibrium pH gradient electrophoresis (18) were transferred to 50 ,l of sonication buffer (2 mM Tris-HCl/1 mM MgCl2 at pH 7.4) and prepared as described (19) . First dimensions were prepared and run by a modification of the original nonequilibrium pH gradient electrophoresis technique (20) . All second dimensions were 10% gels. Slab gels were fixed in trichloroacetic acid, stained, and destained. Radioactivity was analyzed either by autoradiography or fluorography as described by Bonner and Laskey (21) , with preexposed Kodak RP Royal film (22) .
RNA Purification and In Vitro Translation. Fat bodies were dissected as described above and pooled in 2.0 ml of NaDodSO4 buffer (0.5% NaDodSO4/1 mM EDTA/100 mM NaCI/10 mM Tris-HCI, pH 7.4) containing 1 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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was made 250 mM in NH4OAc (pH 5.0) and the RNA was precipitated with 2 vol of 95% ethanol by placing it firsit at -80'C for 1 hr and then at -20'C for at least 12hr. Thi1' poly(A)-RNA pellet was rinsed three times with cold 95% ethanol and air dried. The rabbit reticulocyte lysate was prepared by a modification of the procedure of Villa-Komaroff et al. (24) , involving lysis of the reticulocytes in water containing 40 Aig of hemin per ml (Robert Storti, personal communication). The lysate was rendered mRNA dependent by controlled micrococcal nuclease treatment as described (25) . Translation conditions were those of Kaufmann et al. (26) except that 10 Ml of lysate containing 60 Mg of hemin and 160 Ag of creatine phosphokinase per ml was added to make the 25-yl reaction mixture. Each 25-Ml reaction mixture contained 0.18 jig of fat body poly(A)-RNA.
Peptide Mapping by Limited Proteolysis. Labeled fat bodies or in vitro translation products were prepared as described above for NaDodSO4/polyacrylamide gel electrophoresis. One microgram of carrier yolk polypeptides (11) was added to each sample prior to electrophoreii. The appropriate bands were excised from the stained gels and subjected to limited proteolysis (27) with either chymotrypsin or Staphylococcus V8 protease. The mapping gels were stained, destained, and prepared for fluorography.
Immunoprecipitation of Labeled Polypeptides. Labeled fat body material or in vitro translation products were transferred to 200 Ml of phosphate-buffered saline containing 0.5% Nonidet-40 and 1 mM phenylmethylsulfonyl fluoride and sonicated for two 1-min bursts. Insoluble material was removed by centrifugation and the supernatant was divided into two 100-,l aliquots. Either 10 Ml of yolk polypeptide antisera (11) or 10 Ml of nonimmune sera was added to'each aliquot and incubated for 1 hr at 40°C. The resulting immune complexes were then precipitated by the method of Kessler (28) . The final pellet was suspended in sonication buffer containing 2% NaDodSO4 (wt/vol) and 5% 2-mercaptoethanol (vol/vol), boiled for 5 min, and centrifuged at 10,000 X g for 10 min; the radioactivity in the supernatant was then measured. RESULTS Synthesis of Vitellogenins In Vivo by Fat Body. After isoelectric focusing and NaDodSO4/polyacrylamide gel electrophoresis, the yolk platelet polypeptides produce a characteristic pattern with an isoelectric point of approximately 7 and apparent molecular weights of 44,000, 45,000, and 46,000 (11) . The three yolk polypeptides gave this same pattern when examined by nonequilibrium pH gradient electrophoresis (YP1, YP2, and YP3; Fig. IA) . The synthesis of these polypeptides can be followed by a similar two-dimensional gel analysis of fat body preparations derived from flies that had received injections of labeled precursors. Thirty seconds after injection the only proteins labeled were three discrete species, the putative immature vitellogenins 1, 2, and 3 (IV1, IV2, and IV3; Fig. 1B ). During longer labeling times ( Fig. 1 C-F) , decreasing amounts of label were present in the putative immature vitellogenins while additional radioactive polypeptides appeared, the mature vitellogenins (MV1, MV2, and MV3), which produced a twodimensional gel pattern similar to that of the yolk polypeptides. The only additional polypeptide synthesized by this fat body preparation and detectable under similar exposures was a 60,000-dalton polypeptide (Fig. 1D ). This protein accumulated with time ( Fig. 1 B-F) and was also synthesized by the male fat body. Although the 60,000-dalton polypeptide and many other fat body proteins are visible on stained gels, both the putative immature vitellogenins and mature vitellogenins are not visible after staining. This is consistent with the interpretation that Two lines of evidence were used to verify that the putative immature vitellogenins are actually related to the mature vitellogenins. The first approach used immunoprecipitation with antisera prepared against purified yolk sphere polypeptides (11) . Female fat bodies were labeled for 5 min with [-5S]methionine. At this time (Fig. IC) , the major labeled species are the putative immature vitellogenins, and only trace amounts of the mature vitellogenins and the 60,000-dalton polypeptides are visible. This preparation was compared to fat body material labeled for 45 min, in which the predominant vitellogenin species labeled-are the mature forms. Both preparations were reacted with immune and nonimmune sera. Significant immunoprecipitation was obtained with the immune sera from both the 5-min and the 45-min preparations (Table 1) . In addition, two-dimensional gel analysis of the precipitate from the immune sera show only the three immature and three mature vitellogenins. In contrast, gel analysis of the nomimmune sera precipitate showed nonspecific precipitation of both the vitellogenins and the 60,000-dalton polypeptide. Similar levels 285() of nonspecific binding resulting from reaction with both sera were found with male fat body preparations (Table 1) . Further evidence that IVI, IV2, and IV3 are immature forms of the three mature vitellogenins was obtained from peptide mapping by limited proteolysis of I4C-labeled polypeptides. Digestion of the three mature vitellogenin polypeptides and the three immature species with chymotrypsin produced the same pattern of fragments ( Fig. 2 lanes A and B) gestion with Staphylococcus aureus V8 protease gave the same result (Fig. 2 lanes C and D) .
Comparison of In Vitro Translation Products with Immature Vitellogenins. In an attempt to determine whether IVI, IV2, and IV3 were initial translation products, female fat body poly(A)-RNA was translated in a cell-free rabbit reticulocyte system. As seen in Fig. 3 lane A, this preparation directs the synthesis of major polypeptides with molecular weights of 45,000 and 46,000. It is apparent that the ratio of labeling of the 46,000 molecular weight band relative to the 45,000 molecular weight band is more than 2:1. For comparison, fat body polypeptides labeled for 0.5 min were analyzed similarly (Fig. 3 lane  B) . In this instance bands are evident at molecular weights of 44,000 and 45,000. By mixing the in vivo and in vitro labeled products and running them together (Fig. 3 lane C) , a triplet is obtained. This clearly demonstrates that the in vitro translation products are larger by approximately 1000 daltons.
In order to demonstrate that these larger translation products are truly vitellogenins, three tests were carried out. First, the products of in vitro translation were subjected to two-dimensional electrophoresis. As expected, two polypeptides of 46,000 and one of 45,000 molecular weight were found. In addition, the 60,000-dalton polypeptide was faithfully translated along with a second minor polypeptide of molecular weight 45,000 (Fig. 4A) . The relationships between these polypeptides and the immature vitellogenins labeled in vivo were examined by mixing the products of in vitro translation with the 0.5-min in vivo labeled products. After two-dimensional electrophoresis, all six polypeptides could be identified (Fig. 4B) . The previtellogenins migrate with identical mobilities in the first di- mension and show a retarded mobility in the second dimension equivalent to an apparent increased molecular weight of 1000. The second 45,0Q-dalton in vitro translation product (double arrows in Fig. 4 ) has never been found in vivo.
Second, immunoprecipitation of the in vitro translation products confirms the identity of the previtellogenins ( Table  1 ). The relatively high nonimmune serum background was most likely due to the fact that the immunoprecipitation was not performed on a postribosomal supernatant. Two-dimensional gel analysis of these immunoprecipitates indicate that all four polypeptides found at 46,000 and 45,000 daltons (Fig. 4A) react with the immune serum. In vitro translation of male fat body poly(A)-RNA did not produce these four polypeptides and did not give precipitation above background.
Third, peptide mapping of [f5SJmethionine-labeled polypeptides was carried out to substantiate the similarities. S. aureus protease digests of PV1 and PV2 gave patterns similar to those produced from IV1 and 1V2 (Fig. 5 lanes A and B) except that two new peptides were found from the in vitro translation products. In contrast, the patterns produced from similar cleavages of PV3 and IV3 (Fig. 5 lanes C-F) (29, 30) . This interpretation is consistent with the observation that despite a molecular weight difference, there is no apparent charge difference. In addition, rabbit reticulocyte lysate is expected to lack the proteolytic activity necessary to remove such peptides (31) . Because no trace of the larger polypeptides is seen in vivo, it is presumed that these peptides are removed from the nascent chains (30) .
A second processing step must occur in the fat body which results in an apparent shift of one of the 45,000-dalton polypeptides to 46,000 daltons. In addition, all three polypeptides become modified in some unknown manner so that they show apparent charge heterogeneity on both isoelectric focusing gels (11) Although our fat body preparation obviously contains other cell types in addition to fat body cells (e.g., epidermis, muscle layers of the abdominal wall), the primary synthetic activity of the preparation is the production of the vitellogenin polypeptides. Between 20 and 30% of the incorporated radioactivity in mvo and in vitro is specifically precipitated with antiserum against the yolk polypeptides. This level of synthesis is approximately the same as that seen for certain other secreted proteins (2, (32) (33) (34) .
The specialization of the fat body for the production of vitellogenin, the ease of preparation, and the influence of hormones make this an attractive system for analyzing the control of synthesis of a specific set of proteins. All three polypeptides appear to undergo a similar pattern of posttranslational modification. Since a series of modifications have been demonstrated in this set of defined gene products, it should be possible to identify mutations affecting one or more. of the steps leading from initial translation products to final gene products. These mutations will be especially useful in understanding the function of these modifications in vitellogenesis.
Note Added in Proof. After this manuscript was accepted, work in this laboratory has shown that inclusion of dog pancreas stripped microsomal membranes during in vitro translation (35) results in the production of species with apparent molecular weights identical to those of the immature vitellogenins (unpublished observations). This result supports the interpretation that the larger size of the in vitro translation products is due to the presence of signal peptides.
